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Abstract:
Stroke often results in both motor and sensory deficits, which may interact in
the manifested functional impairment. Proprioception is known to play
important roles in the planning and control of limb posture and movement;
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however, the impact of proprioceptive deficits on motor function has been
difficult to elucidate due in part to the qualitative nature of available clinical
tests. We present a quantitative and standardized method for evaluating
proprioception in tasks directly relevant to those used to assess motor
function. Using a robotic manipulandum that exerted controlled displacements
of the hand, stroke participants were evaluated, and compared with a control
group, in their ability to detect such displacements in a 2-alternative, forcedchoice paradigm. A psychometric function parameterized the decision process
underlying the detection of the hand displacements. The shape of this
function was determined by a signal detection threshold and by the variability
of the response about this threshold. Our automatic procedure differentiates
between participants with and without proprioceptive deficits and quantifies
functional proprioceptive sensation on a magnitude scale that is meaningful
for ongoing studies of degraded motor function in comparable horizontal
movements.

I. Introduction
Over 50 % of stroke patients present somatosensory
impairments that are considered to have an important impact in their
quality of the life and rehabilitation outcome [1], [2]. However, clinical
testing procedures to evaluate somatosensory impairments have not
received much attention and as a result, these tests lack standardized
measures and suffer from poor reliability [3], [4]. Thus, in recent
years, an effort is being made to design standardized tests [5], [6] as
well as automated procedures [7], [8] to measure somatosensory
deficits. Proprioception is known to play important roles in the planning
and control of limb posture and movement. It has been proposed that
while visual information is used primarily to plan the direction of
movement relative to the initial position of the limb [9], proprioception
is important for forming feedforward motor commands to control the
complex inertial limb dynamics of the multiarticular limb [10], [12].
Recently, we have shown that stroke participants with proprioceptive
impairment manifested deficits in trial by trial updating of motor
commands for movement direction and final positions of their affected
arm suggesting that proprioceptive deficits differentially affect the
control of movement and stabilized limb postures [13]. This is
interesting because it has been hypothesized that limb movement and
position may be controlled by separate neural systems [14], [15].
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As part of our studies on the control of arm posture and
movement post-stroke, we developed an automated quantitative and
standardized method of evaluating proprioception in tasks directly
relevant to those used to assess motor function. As musculoskeletal
motion stimulates muscle and joint receptors, we produced arm
displacements (of differing magnitudes) by means of a robotic
manipulandum to stimulate proprioception in stroke survivors with
deficits in upper extremity function and in neurologically intact
individuals.

II. METHODS
A. Subjects
Twelve unilateral, hemiparetic stroke survivors (SS; aged 36–69
years; Table 1A) and eleven age-range-matched neurologically intact
control subjects (NI; 32–66 years; Table 1) gave written informed
consent to participate in this study in compliance with policies
established by Northwestern and Marquette University Institutional
Review Boards. All SS were in the chronic stage of recovery (> 6 mo.
post-stroke); they were recruited from a database of hemiparetic
stroke outpatients maintained by the Rehabilitation Institute of
Chicago. All SS also provided written consent allowing medical record
review. Exclusion criteria for SS included: inability to give informed
consent, inability to follow 2-step directions, history of tendon transfer
in the involved limb, neurological or muscular disorder that might
interfere with neuromuscular function, recent use (within the previous
8 months) of curare-like agents or other agents that may interfere
with neuromuscular function, and/or shoulder pain in the test position
of 75° to 90° abduction. The presence of contracture or shoulder
subluxation did not exclude subjects from participating, unless it
limited their ability to perform the task comfortably. NI control
subjects had no history of neurological disorder and were able to
achieve the test position without discomfort. All NI subjects were right
handed. All subjects participated in two experimental sessions, each
lasting ~2.0 h (including setup time).
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TABLE 1
*Grip

Clinical assessments for stroke survivors

force units are in Kilograms

Abbreviations: FM: Fugl-Meyer; MAS: Modified Ashworth Score; N: not impaired; I:
impaired; A: absent; F: finger; H: hand; FA: forearm; U: upper arm; MCP:
metacarpophalangeal; W: wrist; E: elbow; S: shoulder.

B. Clinical Assessments
All SS participated in a third consenting/evaluation session prior
to experimentation. During this session, motor function and
impairment level were assessed by the same clinician while the subject
was seated in an armless chair. Clinical assessments included: 1)
visual field evaluation and visual search task; 2) the upper extremity
portion of the Fugl-Meyer (FM) Assessment of physical Performance to
assess motor control [16]; 2) the Modified Ashworth Scale (MAS) to
assess spasticity at the shoulder, elbow, and wrist; 3) grip strength;
and 4) clinical evaluation of tactile and proprioceptive discrimination
deficits. Touch was evaluated using a two-point discrimination test
[17] in which the subject was to indicate whether he/she felt one or
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two points of contact as the clinician applied an aesthesiometer to the
finger tips, hand, forearm and upper arm (10 mm, 20 mm, 100 mm
and 100 mm separations, respectively). Six repetitions were
performed at each location; if the response was brisk and accurate for
every trial tactile discrimination was rated as “intact” (not impaired); if
the subject was unable to respond with any confidence, or if he/she
made errors, it was rated as “impaired”; and if the subject was unable
to discriminate between one and two points, tactile discrimination was
rated as “absent”. Proprioception was assessed similarly: the subject
was instructed to keep his/her eyes closed while the clinician randomly
moved the tested joint “up” or “down.” When the joint stopped
moving, the subject was to indicate joint position. Six repetitions were
performed at each joint. If the response was brisk and accurate for
every trial, proprioception was rated as “intact.” If the subject was
unable to respond with confidence, or if he/she made errors,
proprioception was rated as “impaired.” If the subject was unable to
determine position at all, proprioception was rated as “absent”. Grip
strength measurement was obtained with a hydraulic hand
dynamometer; the average of 3 consecutive measurements for the
impaired hand is shown in Table 1. To obtain an overall estimate of
spasticity of the upper extremity, the MAS scores were averaged
across the joints tested [18].

C. Experimental Setup and Procedures
Subjects were seated in a high-backed chair fixed in front of a
horizontal planar robot (Fig 1A) [19]. The robot monitored
instantaneous hand position, reaction forces and torques at the
handle. The robot generated stiff PID control of hand position at a rate
of 1000 samples/s. A chest harness was strapped across the subject’s
shoulders to minimize trunk motion. The upper arm was supported
against gravity (between 75° and 90° abduction; ~45° horizontal
flexion) using a sling suspended from the ceiling. The wrist (SS:
paretic side; NI: right side) was splinted at 0° flexion and fixed to the
robot’s hemi-spherical handle with Velcro® straps. The robot
maintained its handle at a nominal position such that the elbow was
maintained at a comfortable angle of ~90°. Direct view of the arm,
hand, and robot was occluded by an opaque horizontal screen
mounted 1 cm above the plane of hand motion. An adjustable vertical
2011 Annual International Conference of the IEEE, Engineering in Medicine and Biology Society, EMBC, Boston, MA,
August 30, 2011 - September 3, 2011, (2011): pg. 8227-8230. DOI. This article is © Institute of Electrical and Electronics
Engineers (IEEE) and permission has been granted for this version to appear in e-Publications@Marquette. Institute of
Electrical and Electronics Engineers (IEEE) does not grant permission for this article to be further copied/distributed or
hosted elsewhere without the express permission from Institute of Electrical and Electronics Engineers (IEEE).

5

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

shield blocked the view of the shoulder and sling. During the
experiments, textual instructions were displayed on the horizontal
screen to reinforce verbal instructions.

Fig. 1

A: Experimental setup. B: Sequence of events in both the auditory

discrimination task and the motion detection task. C: Auditory stimuli. D:
Displacement stimuli (left: 1 cm motion; right: no motion).

D. Proprioceptive Sensitivity to Limb Displacement
In a series of 120 trials we tested the ability to detect
displacements of the hand of different magnitudes at a single,
comfortable, spatial location. Prior to each trial, the robot brought the
handle to the origin and maintained it in place for 1.0 s using stiff
positional control. Each trial consisted of two observation intervals
delimited by white noise and a silence between the intervals (Fig 1B).
One interval included a perturbation of magnitude wi and the other did
not (the stationary condition). The subject’s task was to indicate which
observation interval included the perturbation via a 2-button response
box. A fixed set of 9 w’s spanned the range of perturbation
magnitudes including 0.0 cm (necessary to determine if response bias
is present) and wMAX (Fig 2A). Each perturbation was compared to the
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stationary condition 10 to 20 times in pseudo-random order (eg. Fig
1D). Instructions to the subject were “press the left button if the hand
moved during the first interval or press the right button if the hand
moved during the second interval”.

Fig. 2

A: Hand path vs. perturbation revealed no variation across groups (error

bars: 95% CI). Insert shows single-trial displacements for representative control
(blue) and stroke (red) subjects; scale bar: 1 mm. B: Hand force was systematically
higher after stroke (error bars: 95% CI).

E. Control Task
A tone discrimination task was performed before the
displacement detection task. This task tested the subject’s ability to
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concentrate and understand instructions. At the same time, it
familiarized subjects with the overall structure of the displacement
detection task that followed. The tone discrimination task consisted of
a series of 24 trials, each trial consisting of two observation intervals,
one with a low tone embedded in auditory white noise and the other
with a rising pitch embedded in the noise (Fig 1B, C). The subject’s
task was to identify the interval with the rising pitch.

F. Data Analysis
Responses were fit using standard logistic regression
techniques: Pr(w) = 0.5 + exp(a+b*w)/(1+exp(a+b*w) Detection
threshold (DT) was defined as the perturbation magnitude at which the
fitted curve passes through the 75% probability of a correct response
(Fig 3A). Choice uncertainty (CU) was the perturbation range over
which the subject demonstrated variable responses (i.e. the difference
in perturbations yielding likelihoods of 63.5% and 85.5%; Fig 3A,
shaded regions). CU values are low when the slope of the
psychometric function is steep whereas CU is high when the slope is
shallow. One-way analysis of variance (ANOVA) for independent
samples was used to compare these performance measures between
subject groups. Linear regression analysis was used to evaluate
correlation between performance indices (threshold and choice
uncertainty) and impairment (FM score), spasticity (MAS) and grip
strength.
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Fig. 3

A: Detection curves for a representative control and stroke subject. B:

Population statistics for DT (left) and CU (right).

III. RESULTS
The clinical tests showed that of the twelve stroke participants,
five had impaired proprioception. Therefore SSs were further
subdivided into one group of five participants who exhibited
proprioceptive deficits (DP-SS) and another group of seven
participants with intact proprioception (IP-SS). All subjects in the DPSS group had tactile deficits whereas only one subject in the IP-SSs
had tactile deficits. Thus none of the stroke survivors that we tested
had impaired proprioception without tactile deficits.
Stroke survivors and control subjects performed very well and
similarly in the tone discrimination task (t (11) = 1.24, P<0.24),
indicating that both groups were able to maintain attention adequately
for the proprioceptive tests.
Hand path length varied with perturbation magnitude to the
same degree across NI and SS groups (Fig 2A), indicating that the
position servo overcame any differences in muscle tone due to
spasticity. However, the presence of spasticity in the SS group led to
systematically higher hand forces recorded after stroke at all
perturbation amplitudes (Fig 2B).
ANOVA disclosed a significant effect of group {NI, IP-SS, DPSS} on both detection threshold [F(2,20) = 19.25, p <.0001] and choice
uncertainty [F(2,20) = 42.97, p <.0001]. Detection threshold (2.9±0.6
cm) and choice uncertainty (4.0±0.4 cm) of DP-SS significantly
exceeded those in both IP-SS (DT: 0.9±0.1 cm; CU: 0.4±0.1 cm) and
control subjects (DT: 0.7±0.1 cm; CU: 0.6±0.1 cm) (p <.01 in all
cases; Tukey’s HSD test) (Fig 3B). Detection threshold and choice
uncertainty did not differ between IP-SS and controls.
By considering both detection threshold and choice uncertainty,
we found that a simple linear classifier with a broad range of slopes
could separate subjects with proprioceptive deficits from those without
proprioceptive deficits (Fig 4).
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Fig. 4

Linear classifier. Red triangles: SS with proprioceptive deificits; Red circles:

SS without proprioceptive deficits; Blue circles: NI subjects.

Finally, linear regression analyses found no correlation between either
DT or CU and upper extremity FM scores, MAS, or grip strength (Fig
5).

Fig. 5

Regression results for DT vs. FM (Right) and CU vs. FM (Left).
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IV. DISCUSSION
We aimed at evaluating a new robotic technique and signal
detection methodology to quantify proprioceptive deficits following
stroke. The present automated procedure differentiated very well
between participants with (stroke) and without (stroke and control)
clinically observed proprioceptive deficits while controlling for ability to
understand and attend to instructions.
In addition to increased detection threshold, patients with
proprioceptive deficits show increased levels of uncertainty during
forced choice performance. In one of our recent studies on reach
adaptation and final position control, stroke subjects with impaired
proprioception also exhibited greater spatial variability in reaching final
positions with the contralesional arm than stroke subjects with intact
proprioception [14]. This further supports the idea that proprioception
contributes importantly to the specification of final, stabilized limb
position at the end of movement [20]. In a quantitative study of poststroke arm proprioception using a robotic matching task Dukelow et al.
[8] found that stroke patients exhibited greater variability matching
with their unaffected arm than control participants matching with their
nondominant hand. Leibowitz et al. [7] also noticed in their study that
SS not only made more errors but “[they] show a significant increment
in variance with repeated trials, compared with the much more stable
and predictable performance of healthy individuals.” Anderson et al.
[21] studied neglect patients and observed increased variability as a
function of spatial location; interestingly, these authors made a
distinction between the inability to reach a certain level of performance
(i.e. constant error) and performance inconsistency (i.e. variable
error) and suggested that there could be independent mechanisms for
each of these aspects of performance. We also observed that for SS
having similar detection thresholds but different choice uncertainty
values; those with higher CU values had proprioceptive deficits (Fig 4).
Altogether, our results and those of the studies just reviewed suggest
that treatment should also address the issue of performance variability
[7], [21].
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